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The optical study of diffusion, which has yielded such brilliant results in 
recent years, is suited only to substances which can be obtained in pure 
solution.  It cannot be applied  successfully to mixtures of several com- 
ponents, nor to suspensions of material such as animal viruses, the actual 
concentration of which, in terms of weight of substance per volume of solu- 
tion,  is in general unknown.  For  these  the  study of diffusion must be 
analytical, that is, consist in sampling and testing quantitatively for specific 
activity. 
Unfortunately,  analytical diffusion  is  beset  with  numerous  technical 
di~culties which have not yet been completely eliminated.  Convection 
currents due to temperature gradients, the effects of vibrations,  and dif- 
ficulties in sampling represent probably the most common sources of error. 
The ingenious solution given the problem by Northrop and Anson (1) has 
been thus far the most satisfactory.  This paper describes a different and 
very simple analytical diffusion method applicable to biological substances. 
Though it is probably not entirely free from the hazards enumerated above, 
it has been found suitable for a study of crystalline beef liver catalase, the 
results of which are reported below, and has been applied since to an in- 
vestigation of the diffusion of several viruses. 
Theorem/ca/ 
The mathematical solution of a problem of di~usion depends on the par- 
ticnlar experimental conditions.  The procedure employed here consisted of 
superimposing a layer of water or buffer on a solution containing the mate- 
rial under investigation, allowing the latter to diffuse upward, sampling at 
various levels, and determining the concentration in the samples.  Under 
such  experimental conditions,  the  general differential equation  dc/dt  ffi 
Dd2c/dx  ~ has the particular solution 
1  -  2C,/Co  -  ~  e-, s dy  (1) 
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in which 
x is the distance in centimeters measured vertically from the initial bound- 
ary; D  is  the diffusion constant; t  is  the  time in  seconds.  In  equation 
(1) C, is the concentration x  centimeters from the initial boundary; Co is 
the initial concentration of the solution when t =  0; and the right-hand mem- 
ber is the probability integral, the value of which can be found in tables. 
If one assumes that the diffusing particles are spherical, the molecular 
weight of a substance can be calculated from the diffusing constant alone. 
For D  =  RT/N. l/f, in which R  is the gas constant, T  the absolute tern- 
perature, N  the Avogadro number, and f  the frictional resistance opposed 
by the surrounding medium.  For spherical particles, Do  =  RT/N. l/f0, 
so that Do/D  = fifo.  The terra f/fo expresses the ratio of the resistance 
offered a  nonspherical particle to that offered a  spherical particle of the 
same mass.  For a  spherical particle of colloidal dimensions, f  =  f0  =  6 
r,/r, in which ,/is the viscosity of the solution at temperature T, and r  is 
the radius of the particle.  The molecular weight of the substance is then 
4/3.~rr3gN,  in which g is the density of the particle.  A very accurate value 
for the molecular weight thus calculated can, of course, hardly be expected 
since the value obtained for D becomes cubed in the calculation, and since 
fifo  remains unknown. 
It is important to note from equation (1) that all that is needed for the 
calculation of D  is the relative concentration C,/Co  of the solution at  a 
given distance from the initial boundary after a given time, and that the 
actual concentration, in terms of weight of substance per volume of solution, 
is not required.  Without this advantage the diffusion study of most viruses 
could not be attempted. 
The accuracy of the value obtained for D from one single sample removed 
after diffusion will depend on the accuracy of the analytical method applied. 
We have found that the most satisfactory procedure consisted in determln- 
ing the concentrations of as many samples as possible, plotting them on a 
chart against the vertical distance above the initial boundary, and deter- 
mining the theoretical curve which gives the best fit.  If the substance 
under investigation can be determined in very low concentration, the values 
of relative concentration obtained are plotted logarithmically as the or- 
dinates, against the vertical distances in the cell as the abscissae.  For x  -- 
O, C,/Co will always be equal to 0.5, no matter how long diffusion is allowed 
to  proceed.  This procedure was  used in  the present investigation with 
catalase, which served as a test substance, and will have to be applied in 
the study of viruses. ~AQUES  BOURDILLON  461 
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I~o.  1. Diffusion  of catalase.  Temperature  4°C.  Theoretical  curves calculated 
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FIG. 2. Diagram of  diffusion  cert. 462  DII~U$ION  METHOD 
Now since the  curves thus obtained  (Fig.  1)  become more vertical with 
increasing  values of  -log  Cx/Co,  the  experimental  error  inherent  in  the 
concentration determination of each sample, though remaining of the same 
magnitude,  becomes of less importance the  smaller the relative concentra- 
tion.  On the other hand,  since x  appears to the square and D  to the first 
power, experimental error in the computation of x  will have an important 
effect on the value derived for D, and this error will be relatively greater the 
smaller  the  value  of x.  Consequently,  the  best  experimental  conditions 
will be realized when the material investigated can be determined in very 
low  relative  concentration  and  when  diffusion  is allowed  to  proceed long 
enough  to make sampling possible at  a  sufficient  height  above the  initial 
boundary. 
Apparatus 
Description.--The apparatus used is illustrated in Fig. 2.  It is entirely made of glass 
and consists of two bulbs, A and B, and one large cup, C, all linked through glass tubing 
with the same stopcock, D.  By turning the stopcock by 120  °, A may be connected with 
B, B with C, or A with C.  The bulb in the center, B, is the diffusion cell.  It is exactly 
cylindrical on a length of about 3 era., and its capacity is about 5 co.  Its upper end 
narrows to a capillary less than 1 ram. in inner diameter and about 1 era. in length, which 
widens again into the small sampling cup, E.  The capacity of C and A is about 6 cc. 
each.  The upper end of A is connected through a section of rubber tubing with a 10 cc. 
glass  syringe (not  shown  in  diagram).  The plunger of the syringe is operated by a 
synchronous electric  motor. 
Filling.--The apparatus is first entirely filled with water or buffer and immersed in a 
constant  temperature water bath,  the water completely covering cell  B.  Bulb  A  is 
connected with the rubber tubing and syringe, which are also filled with water.  Cup C 
is emptied by moving the plunger back until the fluid in C just reaches the bottom of the 
cup; the last drops in C are mopped up with filter paper.  The solution to be studied is 
then poured into C, the stopcock turned so as to connect C and A, and, by pulling the 
syringe plunger slowly by hand, the fluid is displaced from C to A until the meniscus in 
C reaches the bottom of the cup.  The plunger is geared to the motor for forward motion, 
the stopcock is turned so as to connect A with B, and the motor is started and allowed to 
run until the boundary formed reaches about the middle of B, the duration of the process 
being exactly recorded.  The stopcock is turned to connect A with C, and the apparatus 
is allowed to stand the necessary number of days.  Fig. 2 shows that this arrangement 
permits the formation of a sharp boundary. 
Sampling.--Cup E is emptied with a thin pipette, the stopcock turned to connect A 
with B, and the motor started; the fluid which comes out is pipetted  from  cup E  at 
intervals while the time is exactly recorded. 
In the apparatus used by the author the cross-section  of the cell was 1.10 cm.~; the 
motor displaced 39 ram.  8 of fluid per minute.  From these data and from the time record 
of each experiment the mean height of each sample above the initial boundary was easily 
calculated.  The apparatus was placed in the same vibrationless water bath used with 
the Tiselius electrophoresis  cell.  The temperature was about 4 4- 0.01°C. JAQUES  BOURDILLON  463 
DiJusian a/ Ca~a~e 
Ma~¢rial.--Four times recrystadlized  beef liver cat~lase, prepared by the method of 
Sumner and Dounce (2) 1 was used.  The crystals, suspended in water, were dissolved 
wit1 the help of solid NaC1 and phosphate buffer to make a solution which was about 
~/1 in NaCI and M/10 in Na phosphate, with a pH of 7.4.  The total salt concentration 
was thus about 7 per cent; the catalase concentration was 1 or 2 per cent.  The solution 
was perfectly clear and would keep so for weeks; no residue was ever observed. 
This material was found to be very nearly homogeneous by optical dif- 
fusion, with a diffusion constant of 4.4  ×  10  -7 at 20°C., and a "Kat.f. ''~ of 
35,500 (3).  For previous preparations Sumner and Gral6n found a molecu- 
lar weight of 248,000,  derived from a  sedimentation constant of 11.2  × 
10  -is,  a  diffusion constant of 4.1  X  10  -7  at 20°C.,  and a  partial specific 
volume of 0.73  (4).  Calculation of the  asymmetry factor gave fifo  = 
1.25  (5).  The isoelectric point was at pH 5.7  (6). 
Determination  of Catalase  Concentration.--Catalase  activity in  the  dif- 
fusion samples was determined as follows: Into a  large test tube were in- 
troduced 5 cc. of 0.01 N H~O,, 1 cc. of 0.05 N Na phosphate buffer ptI 6.8, 
and  0.1  cc.  of an  adequate  dilution in  water  of  the  unknown diffusion 
sample.  The test tube was kept at 0  ° and 1 cc. aliquots were removed from 
time to time.  A drop of 25 per cent H2SO, was immediately  added to them, 
and they were titrated with 0.005  s  KMnO,.  The reaction constant was 
obtained from the equation k  =  1/t.log  a  ,  in which t  is the  time, a 
a--X 
the original amount of peroxide, and a  -  x  the amount left after time t. 
Since  the  value of the  reaction  constant dropped  slowly with time,  the 
value chosen for k was that found by interpolation for a/(a  -  x)  =  2.  In 
some cases, in order to determine the smallest possible catalase concentra- 
tions,  the  reaction was  allowed to  proceed  overnight; thus, amounts of 
catalase equal to about 0.003  micrograms were estimated with  sufficient 
accuracy.  The  reaction constant being proportional under given  condi- 
tions to the amount of catalase present, the relative catalase concentration 
in the diffusion samples could be directly obtained. 
R_ESULTS 
The results of four experiments are given in Fig. 1 on which the logarithms 
of the  relative concentrations of catalase have been  plotted against the 
1  We are much indebted to Dr. J. B. Sumner and Dr. A. L. Dounce for supplying us 
with a sample of their material. 
2 "Kat. f" is equal to k monomolecular  per gram enzyme in 50 cc. reaction mixture, 
as defined by Euler and Josephson (Euler, H. von, and ~osephson, K., Ann. C/~m., 
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vertical distances measured from the initial boundary.  In experiments 1 
and 2 the original catalase solution was diffused against water for 80,000 and 
171,000  seconds, respectively.  In experiment 3 the catalase solution was 
first dialyzed against buffer (~/1 in NaC1 and M/10 in Na phosphate, pH 
7.4) and then allowed to diffuse into another batch of the same buffer for 
257,000  seconds; in experiment 4  diffusion was allowed to take place into 
buffer  for  173,000  seconds,  but  the  latter  had  previously  been  slightly 
diluted with water so as to create a difference in salt concentration between 
the lower and the upper solution of about 1 gm. per 100 cc.  Theoretical 
curves have been drawn on the chart to give the best fit for all experiments. 
(The curves for experiments 2 and 4 come so close to each other that only 
one has been drawn.)  They all express the ideal diffusion of particles with 
a  diffusion constant, D, equal to 3.1  X  10  -7 at 4°C.  From the degree of 
scattering of the points on the chart, this figure can be estimated to  be 
correct within approximately plus or minus 5 per cent. 
In experiments 1 and 2  the  diffusion of ~talase was accompanied by 
the simultaneous diffusion into water of a 7 per cent salt solution; in experi- 
ment 3  catalase alone was diffusing into buffer; in  experiment 4,  a  7 per 
cent salt solution was diffusing into a 6 per cent salt solution.  These vary- 
ing conditions did in no case influence the diffusion of catalase to an appre- 
ciable  degree. 
In one experiment only (not reported) appreciable mixing occurred.  All 
samples above x  =  0.5 yielded the same  concentration as at x  --  0.5; in 
that case catalase alone was diffusing (as in experiment 3).  At x  ~- 0.5 the 
concentration gradient  of a  protein under similar conditions is near zero. 
In this experiment it was  probably insufficient to oppose accidental con- 
vection  currents. 
In  a  control experiment,  in  which  catalase  diffused into  pure  water, 
filling of the cell was  followed immediately by sampling without stopping 
the motor.  The total time was 7650  seconds.  Between x  =  0  and x  = 
0.23,  the mean relative concentration found was  -0.8 log; between x  - 
0.23  and x  =  0.45,  -3.1  log; no catalase was detected above.  This is 
probably as good a result as can be expected when sampling is attempted 
immediately after filling and has to take place in a  region where the con- 
cent.ration gradient is exceedingly steep. 
The value of 4.4  X  10  --7 obtained for the diffusion constant by optical 
measurements at 20°C. (3) becomes 2.7  ×  10  -7 at ~°C. after correction for 
temperature and viscosity.  The value obtained by us of 3.1  X  10  -~ is 
therefore in  fair  agreement,  considering  the  nature  of  the  method  em- 
ployed.  Assuming the validity of such a  correction even over a  tempera- JAQUES BOURDILLON  465 
ture difference of 16  °, the slight discrepancy found might be explained by a 
systematic error  in  the  calculation of the  mean  height of the  samples, 
resulting in a shift of all points toward the right side of the chart, or by the 
simultaneous diffusion of a salt, as in experiments 1 and 2, or finally by such 
external  causes  as  vibrations  or  temperature  fluctuations.  Any  gross 
heterogeneity in  the  active  diffusing material would have  distorted the 
observed curves and yielded straight lines or curves concave toward the 
upper right corner of the chart, which is obviously not the case.  Any small 
heterogeneity would have passed unnoticed.  From what is known of the 
chemical constitution of catalase  (2)  one cannot expect the molecules to 
split into active fractions smaller than halves. 
The results reported above show that this diffusion method can be used 
successfully for the study of biologically active material and that correct 
results can be obtained from samples withdrawn as high as 1.S cm. above 
the initial boundary, whose concentration is less than one hundred thou- 
sandth that of the original solution.  The simultaneous diffusion of a salt, 
which creates a  concentration gradient moving ahead of the protein, does 
not affect appreciably the diffusion of the latter and seems to be a satisfac- 
tory way of avoiding possible erratic results due to convection.  The tech- 
nique is now being applied to the study of some viruses. 
SU~RY 
A simple diffusion apparatus has been described in which a layer of solu- 
tion is allowed to diffuse upward into a layer of solvent.  Accurate sampling 
is performed at  various heights and the concentration of the samples is 
determined. 
The method has been illustrated with a  determination of the diffusion 
constant of crystalline catalase, which was found to be 3.1  ×  10  -7 cm.2/sec. 
at 4°C.  The method should be especially suited to the study of biological 
substances endowed with specific activity and which cannot be obtained 
in pure solution. 
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